Purpose We assessed the utility of using anti-Müllerian hormone (AMH) and clinical features of polycystic ovary syndrome (PCOS), polycystic ovarian morphology (PCOM), oligo/amenorrhea (OA), and hyperandrogenism (HA) for diagnosing PCOS, and compared their diagnostic accuracy with those of classical diagnostic systems. Methods A total of 606 females were admitted to a university hospital with menstrual irregularities or symptoms of hyperandrogenism were enrolled in this cross-sectional study. Fasting blood samples were collected. Pelvic and/or abdominal ultrasonography and clinical examination were performed. Patients were evaluated for the presence of PCOS according to conventional diagnostic criteria. The diagnostic performance of using serum AMH levels alone and in various combinations with the clinical features of PCOM, OA, and HA were investigated. Results For the diagnosis of PCOS, the combination of OA and/or HA with AMH showed 83 % sensitivity and 100 % specificity according to the Rotterdam criteria; 83 % sensitivity and 89 % specificity according to the National Institutes of Health (NIH) criteria; and 82 % sensitivity and 93.5 % specificity according to the Androgen Excess Society (AES) criteria. Conclusions The serum AMH level is a useful diagnostic marker for PCOS and is correlated with conventional diagnostic criteria. The combination of AMH level with OA and/ or HA markedly increased the clinical scope for PCOS diagnosis and can be introduced as a possible objective criterion for the diagnosis of this disease.
Introduction
Polycystic ovary syndrome (PCOS) is characterized by hyperandrogenism and ovulatory dysfunction. Approximately 6.6-8 % of women of reproductive age are affected, and it is the main cause of anovulatory infertility [1, 2] .
Anti-Müllerian hormone (AMH) is a member of the transforming growth factor-beta (TGF-β) superfamily. It is secreted by the granulosa cells of small antral and pre-antral follicles for the regulation of early follicular development.
Since the relationship between the number of primordial follicles and their rate of activation, which is reflected by the number of growing follicles, was documented, the utility of this relationship as a marker for ovarian reserve has become widely accepted [3] [4] [5] . In addition, the AMH level reflects the quantity of remaining oocytes. It also has minimal inter-and intracycle variability [6, 7] . In clinical practice, it is useful for the prediction of poor responders [8] and ovarian hyperstimulation syndrome (OHSS) [9] . Moreover, it is positively correlated with pregnancy rates [10, 11] .
Levels of AMH in the serum are closely correlated with the number of early antral follicles in both healthy women and women with PCOS [12] [13] [14] . Thus, AMH may be a suitable hormonal marker of the ovarian follicle count [15] . Some investigators have suggested that increased AMH levels result from the stimulatory effect of androgens in early follicular growth [16] , and others have concluded that AMH can be utilized as a diagnostic marker for ovarian hyperandrogenism [17] . Most researchers agree that AMH should be considered a marker for increased ovarian reserve [18] .
Impaired folliculogenesis may result in excess accumulation of pre-antral and small antral follicles, which may ultimately cause the increased AMH levels associated with PCOS [19] . This phenomenon might be the result of an intrinsic abnormality in the ovarian follicles of patients with PCOS, which could contribute to disordered folliculogenesis [20] .
Three main diagnostic criteria systems are currently accepted for PCOS: the Rotterdam (ROT), Androgen Excess Society (AES), and National Institutes of Health (NIH) systems. They all consider polycystic ovarian morphology (PCOM), oligo/ amenorrhea (OA), and hyperandrogenism (HA) [21] [22] [23] [24] [25] . However, each system has recently changed its definition of what constitutes a polycystic appearance [26, 27] . Moreover, morphological evaluation of the ovaries takes time and is associated with some technical difficulties. The technical capacities of ultrasound devices are far from standardized, and interobserver variability in antral follicle assessment is inevitable. The presence of various PCOS phenotypes complicates the diagnosis even further [28] . In addition, a vast majority of patients in the target population are teenagers, including virgins that cannot receive transvaginal ultrasonographic evaluation [28] . In the obese population, suboptimal visualization of the ovaries via abdominal ultrasonography is also a limitation.
Therefore, a well-defined objective diagnostic marker for PCOS has yet to be established. In the present study, we assessed whether AMH can be utilized for diagnosing PCOS either alone or in combination with the aforementioned clinical features.
Materials and methods
Between January 2011 and September 2012, a total of 606 women admitted to the gynecologic endocrinology department of our university hospital with menstrual irregularities or symptoms of HA were included in this cross-sectional study.
To evaluate the diagnostic value of AMH for PCOS, we integrated HA and OA symptoms with AMH to construct four new groups of criteria; serum AMH level and the presence of HA, serum AMH level and the presence of OA, serum AMH level and the presence of either OA or HA, and the presence of at least two of the three abovementioned parameters (serum AMH level/OA/HA). First, all patients were evaluated according to the ROT 2003, AES, and NIH criteria separately. We ultimately reevaluated the patients for PCOS according to the newly formed criteria. The analyses are explained in detail in the Results section. To integrate AMH into these new criteria, we evaluated the diagnostic potential of AMH for ovarian morphology and selected the optimum AMH value as 3.8 ng/ mL Receiver Operating Characteristic analysis (ROC). First, we used AMH alone to diagnose PCOS, and then we integrated AMH as an element of the newly formed criteria.
The 3.8 ng/mL cutoff was chosen using an ROC curve as the optimal diagnostic threshold of AMH, providing >80 % sensitivity and >80 % specificity for all three diagnostic systems (ROT, AED, and NIH). No other statistical tool reached these sensitivity and specificity levels for all three diagnostic systems (this could be clearly seen in the ROC curves).
Diagnosis of PCOS according to the ROT criteria was based on the presence of at least two of the following three clinical features: OA, HA, and PCOM [23] . The NIH criteria were strict and included only OA and HA [25] . The AES proposed that HA should be a mandatory criterion for the diagnosis, and the presence of either OA or PCOM is required because they are defined as two manifestations of ovarian dysfunction [24] . OA was defined as fewer than eight menstrual cycles during the previous 12 months or a menstrual interval of >35 days. Amenorrhea was defined as the absence of menstruation for >90 days. HA was defined either clinically by hirsutism (modified Ferriman-Gallwey score of >6), severe acne, or seborrhea, or biologically based on a free serum testosterone level of >2.7 pg/ mL and/or total testosterone level of >80 ng/dL.
PCOM was identified by pelvic or abdominal ultrasonography and defined as the presence of ≥12 follicles in each ovary measuring 2-9 mm in diameter and/or an increased ovarian volume of >10 mL. The blood samples for AMH measurement were collected in a lithium heparin tube and stored at −80°C. AMH concentrations were measured with an enzymatically amplified two-sided immunoassay (AMH Gen II ELISA; Beckman Coulter Inc., Brea, CA). The theoretical sensitivity of this method was 0.006 ng/mL, the intra-assay coefficient of variation for high values was 3.3 %, and the interassay coefficient of variation for high values was 6.7 %.
Informed consent was obtained from all women. The study was approved by the Human Ethics Committee of Istanbul University. On days 2-4 of the menstrual cycle, a routine gynecological examination, including an evaluation of basal fasting hormones (follicle-stimulating hormone [FSH] , luteinizing hormone [LH] , total testosterone [total T], free testosterone [free T], AMH, prolactin [PRL], thyroid-stimulating hormone [TSH], and cortisone) and blood glucose levels, was performed. Transvaginal ultrasonographic evaluation was performed by experienced sonographers with a 7-MHz transvaginal transducer (Sonoline Elegra; Siemens SAS, Saint-Denis, France). A normal fasting blood glucose level was enough to exclude the presence of diabetes. An ACTH stimulation test was performed to exclude the presence of adrenal hyperplasia; in suspected cases, the 17OH progesterone level was measured. In cases of extremely high levels of androgens in serum, androgen-secreting tumors were suspected and MRI scans were performed. Cushing syndrome was excluded based on both clinical symptoms and serum cortisone levels. A dexamethasone suppression test was performed when needed. Body weight and height were measured; body mass index (BMI) was calculated with an electronic digital scale (Mercury; AMZ 14, Tokyo, Japan) in light clothes, and height was measured barefoot with a stadiometer (G-Tech International Co. Ltd., Kyonggi Province, Korea). None of the participants had hyperprolactinemia, thyroid dysfunction, diabetes mellitus, adrenal hyperplasia, Cushing syndrome, an androgen-secreting tumor, or any other significant pathology that could possibly affect reproductive physiology. The participants had not taken any medications known to affect sex steroids in the plasma or metabolic parameters during the previous 6 months.
All statistical analyses were performed with SPSS version 17.0 for Windows (SPSS Inc., USA). Groups were compared using independent-samples t-tests with Bonferroni correction. Values are given as mean ± standard deviation (SD) or absolute number and percentage in parentheses. Relationships between the AMH and the other variables were evaluated using Pearson's correlation coefficient. A P-value of <0.05 was considered to be statistically significant.
To determine the diagnostic potential of AMH for PCOM, an ROC curve was constructed. Following selection of the threshold value of AMH as 3.8 ng/mL, new ROC curves were constructed to evaluate the diagnostic value of AMH, alone and as a part of the newly formed criteria, for identifying PCOS. Sensitivity against specificity was plotted at each threshold level, and the area under the curve (AUC) was computed. The AUC represented the probability of diagnosing PCOS, and a value of 0.5 indicated that the probability was no better than chance. ROC curves were constructed using a threshold serum AMH level of 3.8 ng/mL alone and the presence of at least two of the three parameters (serum AMH level of >3.8 ng/mL, OA, or HA) with the original PCOS-ROT, PCOS-AES, and PCOS-NIH diagnoses as references.
Results
The mean age, BMI, and serum TSH values between the PCOS and non-PCOS groups were evaluated according to the three different criteria, and the results were not statistically different. The mean serum AMH, FSH, LH, and PRL levels between the PCOS and non-PCOS groups for each criteria were significantly different (Table 1 ). Pearson's correlation analysis revealed negative correlations between AMH and age (r =−0.42) and between AMH and FSH (r =−0.32). There was a positive correlation between AMH and LH (r =0.4). We found no correlation between AMH and BMI.
The AMH cutoff value of 3.8 ng/mL had 83 % sensitivity and 87 % specificity for PCOM (Fig. 1) . Of the 606 participants, 195 were diagnosed with PCOS according to the AES criteria (Table 2 ). When the cutoff value was accepted as 3.8 ng/mL, ROC analysis showed that AMH alone had 80 % sensitivity and 80.2 % specificity for the diagnosis of PCOS (AES criteria) (Fig. 2) . According to the ROT criteria, 228 patients were diagnosed with PCOS, and the 3.8 ng/mL AMH cutoff value had 81.6 % sensitivity and 85.1 % specificity (Fig. 2) . According to the NIH consensus, 164 of 606 patients were diagnosed with PCOS, and the 3.8 ng/mL AMH cutoff value had 80.7 % sensitivity and 74.7 % specificity for the diagnosis (Fig. 2) . As shown in the ROC curves, AMH alone had limited sensitivity and specificity for the diagnosis of PCOS compared to each of the other parameters (Fig. 2) . After reassessing the participants with our new method using the 3.8 ng/mL AMH cutoff, the diagnostic criteria of the fourth group (presence of two of the three parameters: OA, HA, or AMH) was found to have 100 % specificity and 96 % sensitivity for the diagnosis of PCOS among the patients diagnosed with PCOS according to the ROT criteria (Fig. 2) . The 3.8 ng/mL cutoff AMH value in the fourth group resulted in 100 % sensitivity and 88 % specificity for the diagnosis of PCOS according to the NIH criteria and 96 % sensitivity and 93 % specificity for the diagnosis of PCOS according to the AES criteria. 
Discussion
In a previous study [29] , the highest AMH levels were found in cases in which all three main diagnostic criteria (PCOM, OA, and HA) were used. AMH levels correlate best with PCOM, and OA contributes to increased AMH levels. In that study, HA was found to have less influence on AMH levels, which seem to well reflect the severity of PCOS. Evaluation of PCOM for the diagnosis of PCOS has high interobserver variability. Even with the most technically advanced ultrasonography devices, it can be difficult to count antral follicles transabdominally in virgins or the obese. Thus, there is a need for objective parameters, and the serum AMH level could serve as such for the diagnosis of PCOS. When AMH was evaluated among the patients diagnosed with PCOS according to all three diagnostic criteria as a single screening tool, it had relatively low sensitivity and specificity for the diagnosis of PCOS. The sensitivity and specificity of AMH with different cutoff values were even lower in the AES and NIH systems than in the ROT system.
We suggest that satisfactory diagnostic potential can be achieved by combining the AMH level with other clinical symptoms. The combination of AMH levels (cutoff value= 3.8 ng/mL) with the presence of HA was found to have 73 % sensitivity and 99 % specificity for diagnosing PCOS among patients previously diagnosed with PCOS according to the ROT criteria (Table 3) . Combined with OA, the system showed 69 % sensitivity and 99 % specificity, and combined with either OA or HA resulted in 83 % sensitivity and 100 % specificity. The fourth set of criteria (presence of two of three parameters: serum AMH levels, HA, and OA) gave similar results as the ROT criteria and can be explained as a modification of ROT criteria by replacing serum AMH levels with PCOM. When the AMH cutoff value was set as 3.8 ng/mL, those criteria eventually provided maximum sensitivity and specificity (96 % and 100 %, respectively) for the diagnosis of PCOS. ROT  PCOS  158  70  166  62  190  38  218  10  Non-PCOS  1  377  1  377  0  378  0  378  AES  PCOS  132  63  161  34  160  35  188  7  Non-PCOS  27  384  6  405  30  381  30  381  NIH  PCOS  131  33  137  27  136  28  164  0  Non-nCOS  28  414  30  412  54  388  54  388 Distribution of patients before and after the re-evaluation process is depicted
In the AES criteria, HA is an obligatory criterion for PCOS diagnosis, and the combination of AMH level with HA as a diagnostic tool for PCOS reached 98 % specificity and 83 % sensitivity among the patients diagnosed with AES. This relatively low sensitivity increased to 96 % in the fourth group of patients diagnosed using the AES criteria. If attempting to identify the optimum combination for sensitivity and specificity, these values have an advantage over the other combinations (Table 3) .
We also found that increased AMH level was not correlated with BMI, in agreement with numerous recent studies OA oligo/amenorrhea, HA hyperandrogenism [30] [31] [32] [33] . Although reproductive function may improve with weight loss in the obese, Thompson et al. [34] did not observe any changes in AMH levels following weight loss in women with PCOS. We previously found a threefold increase in the serum AMH level in patients with PCOS compared to healthy women, independent of BMI [33] . Numerous associations between plasma AMH levels and other hormonal parameters in women with PCOS have recently been reported [15] . In the present study, we also found a positive correlation between AMH and LH levels, in agreement with a previous study on a group of regularly menstruating females [35] . Pigny et al. [15] found an inverse correlation between circulating AMH and FSH levels in women with PCOS. This correlation was also significant in the present study. Patients with PCOS according to the ROT criteria and without HA had a mean AMH value of 6.83 ± 4.80 ng/mL, significantly lower than that of the remaining 186 patients with HA, who had a mean AMH value of 8.81±6.77 ng/ mL (p =0.3). Because PCOM is not considered a diagnostic parameter in the NIH criteria, our fourth group successfully covered all patients with PCOS while the PCOS-NIH was used (100 % sensitivity). However, the specificity was found to be relatively low (88 %), as expected.
For patients with an uncertain history of menstruation, a combination of AMH levels only with HA may be useful for diagnosis. This combination had higher sensitivity when both AES and ROT were considered to be gold standards. The combination of AMH only with OA, on the other hand, had relatively lower sensitivity and specificity in all three classical systems than did the combination of AMH and HA.
Li et al. [36] concluded that serum AMH level was not a useful tool for diagnosing all types of PCOS, but rather was only suitable for some specific subtypes such as in patients with HA. They also found that its diagnostic accuracy was very limited when used without HA. Our results are not in agreement, as our data showed that AMH was also with OA, as shown in Table 3 . However, both the sensitivity and specificity of the combination of AMH and OA was lower than that of AMH and HA together. Neither combination reached optimum sensitivity and specificity, although both showed sufficient diagnostic capacity compared to the AES and ROT criteria.
We found that AMH levels were significantly higher in PCOS patients with HA than without HA, consistent with previous studies [36, 37] , indicating that HA is associated with an extra increase in AMH. This may reflect the severity of disruption of folliculogenesis in patients with HA. Serum AMH levels may be related to the severity of the syndrome because they have been observed to be higher in women with insulin-resistant PCOS than in patients with normal insulin sensitivity [38] . According to Wang et al. [19] , increased plasma AMH concentrations in women with PCOS may be caused by a disruption in folliculogenesis, leading to excessive accumulation of pre-antral and small antral follicles.
Some investigators have emphasized that AMH concentration is related to the intensification of hormonal and morphological changes in PCOS [39] . AMH concentrations are strongly associated with the main phenotypic features of PCOS, including ovulatory dysfunction and HA. Amenorrheic women with PCOS display higher serum AMH levels than do oligomenorrheic women with PCOS [40] .
Whether there is an association between serum AMH levels and different anthropometric, metabolic, and endocrine parameters in patients with PCOS is controversial; age has been reported to be both negatively related [38, 40] and not correlated [41] with AMH. We found a negative correlation between age and AMH.
Eilertsen et al. [42] recently concluded that AMH could successfully replace PCOM for the diagnosis of PCOS, and that substitution of AMH with PCOM was equally effective for diagnosis compared to both the AES and ROT criteria. Our results (from the fourth group) clearly support the substitution of AMH with PCOM, which had similar sensitivity for diagnosing PCOS compared to both the ROT and AES criteria. However, the specificity was relatively lower than with the AES criteria. Although PCOM is not even a diagnostic parameter in the NIH criteria, our fourth group reached acceptable levels of sensitivity and specificity. Thus, our results show that AMH can reliably replace PCOM in both the ROT and AES criteria and can even be implemented in the NIH criteria for diagnosing PCOS.
There are some limitations to our study. First, it was not an epidemiologic study and could not predict prevalence, although we including more patients and controls than many previous studies. There may be selection bias in our study sample because our participants were admitted to our clinic with complaints such as menstrual irregularity or HA, and therefore had a high probability of being diagnosed with PCOS.
In conclusion, the serum AMH level alone is a useful marker for diagnosing PCOS and is correlated with conventional diagnostic criteria. However, the combination of the serum AMH level with HA and/or OA markedly increases the diagnostic capability for PCOS and can be introduced as an objective and wellstructured criterion.
